cells with Triton-X-100-containing buffers showed that the mutant GFAP was more resistant to solubilization at elevated KCl concentrations. Both wild-type and R239C GFAP assembled into 10 nm filaments with similar morphology in vitro. Thus, although the R239C mutation does not appear to affect filament formation per se, the mutation alters the normal solubility and organization of GFAP networks.
Introduction
Alexander disease was first reported in 1949 in a 15-month-old patient with megalencephaly, hydrocephaly and psychomotor retardation (Alexander, 1949) . Since then, many more cases have been described in patients of various ages (Borrett and Becker, 1985; Duckett et al., 1992; French et al., 1976; Reichard et al., 1996; Sawaishi et al., 1999 ) (see http://www.waisman.wisc.edu/alexander/index.html for a literature summary). Clinically, Alexander disease is a fatal leukoencephalopathy that leads to the dysmyelination or demyelination of the central nervous system. At a microscopic level, Alexander disease is characterized by a failure of myelination in infantile cases and a loss of myelin in older patients. A major pathological hallmark is the formation of Rosenthal fibers in astrocytes (Borrett and Becker, 1985; Henin et al., 1986) . In Alexander disease, Rosenthal fibers are found throughout the brain and spinal cord, accumulating particularly in astrocyte end-feet in the subpial and perivascular zones (Friede, 1989) . They are composed of glial fibrillary acidic protein (GFAP), the major intermediate filament of astrocytes, as well as ubiquitin and the small heat-shock proteins HSP27 and αB-crystallin (Bettica and Johnson, 1990; Goldman and Corbin, 1988; Iwaki et al., 1989; Johnson and Bettica, 1989; Lowe et al., 1989; Tomokane et al., 1991) . At the electronmicroscopic level, Rosenthal fibers are dense, osmiophilic structures that are closely associated with intermediate filaments (Herndon et al., 1970; Lach et al., 1991) .
Many patients with Alexander disease have been found to have one of a series of mutations in the GFAP gene (Aoki et al., 2001; Brenner et al., 2001; Gorospe et al., 2002; Okamoto et al., 2002; Rodriguez et al., 2001; Sawaishi et al., 2002; Shiihara et al., 2002; Shiroma et al., 2001 ) (for a review, see Li et al., 2002) . The predicted amino acid changes are scattered throughout the protein, but occur principally in the rod domains, which are crucial for polymerization of GFAP into filaments. Because all of the patients are heterozygous for the mutations, the effects of the mutations appear to be dominant over the wild type. An understanding of the effects of these mutations on GFAP polymerization and organization might elucidate the cellular basis for Rosenthal-fiber formation and the pathophysiology of Alexander disease.
We present a study of the most common mutation, R239C (nucleotide mutation C715T), which produces a severe form of Alexander disease (for a review, see Li et al., 2002) . Of the 57
Alexander disease is a fatal neurological illness characterized by white-matter degeneration and the formation of astrocytic cytoplasmic inclusions called Rosenthal fibers, which contain the intermediate filament glial fibrillary acidic protein (GFAP), the small heat-shock proteins HSP27 and αB-crystallin, and ubiquitin. Many Alexander-disease patients are heterozygous for one of a set of point mutations in the GFAP gene, all of which result in amino acid substitutions. The biological effects of the most common alteration, R239C, were tested by expressing the mutated protein in cultured cells by transient transfection. In primary rat astrocytes and Cos-7 cells, the mutant GFAP was incorporated into filament networks along with the endogenous GFAP and vimentin, respectively. In SW13Vim -cells, which have no endogenous cytoplasmic intermediate filaments, wild-type human GFAP frequently formed filamentous bundles, whereas the R239C GFAP formed 'diffuse' and irregular patterns. Filamentous bundles of R239C GFAP were sometimes formed in SW13Vim -cells when wild-type GFAP was co-transfected. Although the presence of a suitable coassembly partner (vimentin or GFAP) reduced the potential negative effects of the R239C mutation on GFAP network formation, the mutation affected the stability of GFAP in cells in a dominant fashion. Extraction of transfected SW13Vim
Alexander-disease patients published to date, 18 (32%) have the mutation at R239: 13 have the R239C mutation, four have an R239H mutation and one has an R239P mutation. Patients with an R239 mutation are among the more severely affected, having both an early age of symptom onset (about 10.4 months) and a rapidly progressive disease Li et al., 2002) . R239 is in the 2a α-helical subdomain of the rod domain, which is highly conserved among species (Brenner et al., 1990; Li et al., 2002) .
We have tested the properties of the R239C mutation both by in vitro assembly and by transient transfection into three kinds of cultured cells: primary rat astrocytes, which contain endogenous GFAP and vimentin; Cos-7 cells, which contain endogenous vimentin; and SW13Vim -cells, which do not contain any cytoplasmic intermediate filaments (Hedberg and Chen, 1986) . The mutant GFAP forms 10 nm filaments during in vitro assembly and is incorporated into the existing intermediate filament networks in the primary astrocytes and Cos-7 cells. However, the mutant is unable to form a normal filamentous network by itself in the SW13Vim -line. Furthermore, mutant GFAP is more resistant to salt extraction than the wild type.
Materials and Methods

Plasmids
The C715T mutation was introduced into a pRSVi plasmid (Chin and Liem, 1989) encoding human full-length GFAP using PCR sitedirected mutagenesis. Briefly, sense and antisense PCR oligonucleotides containing the mutation were used with flanking primers to generate a mutated DNA fragment with unique restriction sites. Following digestion, this fragment was then ligated back into the original plasmid, which had been digested with the same enzymes. The entire sequence of the substituted fragment, including the presence of the mutation, was confirmed by sequencing.
Cell culture
Primary astrocytes were cultured from neonatal Sprague-Dawley rat forebrain using a method described previously (Head et al., 1994) . 7-10 days after establishing cultures, microglia and progenitors were removed by shaking at 250 rpm, 37°C, for 14-18 hours. Primary astrocytes were grown in Minimal Essential Medium (Gibco BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; Gibco BRL), 0.5% glucose, MEM Vitamin Solution (Gibco BRL), 200 µM L-glutamine, 100 units ml -1 penicillin, 100 µg ml -1 streptomycin, 250 ng ml -1 amphotericin, pH 7.2-7.3. Cos-7 and SW13Vim -cells were a generous gift from R. Liem (Columbia University). They were grown in Dulbecco's modified Eagle's medium (Gibco BRL) supplemented with 1 mM sodium pyruvate and either 10% FBS (Cos-7) or 5% FBS (SW13Vim -), and antibiotics as above. To avoid Vim + revertants, SW13Vim -cells were used only at passage numbers less than 12 following an initial selection process and were periodically tested for the presence of vimentin. All cells were kept at 37°C in 5% CO 2 .
Transfection
For immunofluorescence, primary cells were plated at 5ϫ10 4 cells per well on poly-L-lysine-coated glass coverslips in 24-well plates. Cos-7 and SW13Vim -cells were plated at 2ϫ10 4 cells per well or 1ϫ10 4 cells per well for staining 1 day or 3 days after transfection, respectively. The day after plating, cells were transfected with 0.4 µg plasmid using Lipofectamine Plus (Gibco BRL) for 6 hours, after which 1 ml of growth medium was added to each well.
For western blotting, SW13Vim -cells were plated on tissue-culture dishes at 6.4ϫ10 5 cells per 60 mm dish for extraction 1 day after transfection. Cells were transfected with 2 µg plasmid using Lipofectamine Plus for 6 hours, after which 1.5 ml of growth medium was added.
Indirect immunofluorescence 1 day or 3 days after transfection, cells on coverslips were washed twice with PBS, fixed with 4% w/v paraformaldehyde in PBS for 30 minutes and permeabilized with 0.2% Triton X-100 for 3 minutes at room temperature. Primary antibodies were diluted in 5% normal goat serum in PBS. Primary antibodies used were anti-panGFAP (ALD10, 1:500, rabbit polyclonal) (Goldman and Chiu, 1984) For statistical analysis, up to four coverslips from two independent experiments were counted for each condition using the Olympus BX60 microscope at a magnification of 100ϫ. Between 102 and 272 transfected cells were counted per coverslip. The cells were distributed into five possible phenotypes: filamentous network alone; filamentous network superimposed on a 'diffuse' background; 'diffuse' pattern alone; irregular pattern superimposed on a 'diffuse' background; and irregular pattern with a filamentous network. We performed a statistical analysis on the proportion of each phenotype found in each plasmid's transfections. Student's t test was applied to the difference between two means to compare the results between a pair of different plasmids (Rosner, 1990) .
Gel electrophoresis and western blotting
Cells were washed twice with PBS and then extracted with 0.5% v/v Triton X-100, 2 mM Tris-HCl, 2 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, pH 7.0, on ice for 15 minutes (Goldman and Abramson, 1990) . For high-salt extractions, KCl was added to the extraction buffer to a final concentration of 0.5 M or 1.0 M. The extracts were spun in a microfuge at 4°C for 10 minutes at 16,000 g. The supernatants ('soluble fraction') were removed and the pellets ('insoluble fraction') were resuspended in 2% w/v SDS, 2 mM Tris-HCl, 2 mM EDTA, pH 6.8, and then boiled for 30 minutes (Goldman and Abramson, 1990) . Protein concentrations were determined using the BCA Protein Assay kit (Pierce, Rockford, IL). For the 0.5% v/v Triton X-100, 0 M KCl gel, 20 µg protein each from the soluble and insoluble fractions were diluted in sample buffer (1% SDS, 50 mM Tris-HCl, pH 6.8, 5% glycerol, 0.05% w/v bromophenol blue, 0.25% v/v β-mercaptoethanol), boiled and separated by SDS-PAGE using 11% w/v polyacrylamide gels. For the 0.5 M KCl samples, 15 µg of each fraction were loaded; for the 1.0 M KCl gel, 11 µg of each fraction were used. Electrophoresis was followed by western blotting using wet transfer onto nitrocellulose. The blots were blocked in 5% w/v non-fat milk, 0.1% v/v Tween-20 in PBS (PBS-BT). Blots were stripped by three 10-minute washes of 0.2 M glycine, 1 mM EGTA, pH 2.8, at 37°C, followed by three 10-minute washes with PBS-Tween (PBS-T) at room temperature and reblocking with PBS-BT. A monoclonal anti-panGFAP primary antibody (Chemicon) was used at a 1:10,000 dilution in Blotto [5% (w/v) nonfat dry milk] overnight at 4°C or at a 1:5000 dilution in Blotto for 4 hours at room temperature. Monoclonal AC-40 anti-actin antibody (Sigma) was used at 1:1000 in Blotto overnight at 4°C.
Horseradish-peroxidase-conjugated anti-mouse secondary antibody was used at 1:1000 in PBS-T for 1 hour at room temperature. Bands were visualized with Enhanced Chemiluminescence (ECL) (Amersham, Arlington Heights, IL) on blue X-ray film (Lab Scientific, Livingston, NJ).
Bacterial expression of GFAP
The expression constructs of both wild-type and mutant GFAP were transformed into Escherichia coli BL21 (DE3) pLysS strain. Recombinant protein expression was induced using 0.5 mM isopropyl-1-thio-β-D-galactopyranoside for 4 hours once the bacterial culture had reached an optical density at 600 nm of 0.6. GFAP localized to the inclusion body fraction and was purified as described by DEAE ion-exchange chromatography on Fractogel medium (Ralton et al., 1994) .
Intermediate-filament assembly and sedimentation assay In vitro co-sedimentation assays were carried out as previously described (Perng et al., 1999) . Briefly, purified GFAP in urea buffer (8 M urea, 20 mM Tris-HCl, pH 8.0, 5 mM EDTA, 2 mM EGTA, 1 mM dithiothreitol) was dialysed by stepwise lowering of the urea concentration into low ionic strength buffer (10 mM Tris-HCl, pH 7.0, 1 mM dithiothreitol) at 4°C. Wild-type or mutant GFAP was assembled by the dialysis method (Perng et al., 1999) . Protein samples were then layered onto a 0.85 M sucrose cushion in the assembly buffer and centrifuged at 80,000 g for 30 minutes at 20°C to pellet GFAP filaments. Fractions were separated by SDS-PAGE on 12% w/v polyacrylamide gels and the proteins in both the supernatant and pellet fractions visualized by Coomassie Blue staining.
Electron microscopy
Protein samples were diluted to 1 mg ml -1 and negatively stained with 1% (w/v) uranyl acetate. Samples on carbon-coated copper grids were examined in a Phillips 400T transmission electron microscope, using an accelerating voltage of 80 kV. Images were captured at a magnification of 17,000ϫ on Kodak 4489 film, which were digitized at 1200ϫ1200 pixel resolution and then processed further in Adobe ® Photoshop 6 (Adobe Systems, San Jose, CA).
Results
Intermediate-filament organization in primary astrocytes, Cos-7 cells and SW13Vim -cells
We first examined the effect of expressing the wild-type and the mutant human GFAP in primary rat astrocytes by transient transfections. Transfected cells were distinguished from untransfected cells by staining with a human-specific anti-GFAP antibody. Most cells transfected with either construct contained a filamentous GFAP network (Fig. 1A) , whereas a minority had large cytoplasmic aggregates (Fig. 1B,C) . Both filamentous and aggregate GFAP distributions, the latter consisting of swirls of 10 nm filaments, were previously seen after transfection of wild-type GFAP into astrocytes (Koyama and Goldman, 1999) , suggesting that formation of GFAP aggregates is probably due to elevated expression rather than to the mutation itself. The primary astrocytes produce endogenous wild-type GFAP, which could influence the polymerization of the mutant GFAP. They also contain vimentin, which can co-polymerize with GFAP . We therefore expressed the mutant GFAP in Cos-7 cells, which contain vimentin but not GFAP, and in SW13Vim -cells, which contain no endogenous cytoplasmic intermediate filaments (Hedberg and Chen, 1986) . When transfected into Cos-7 cells, both the wildtype and mutant GFAPs integrated into intermediate filaments with vimentin (Fig. 1D, arrow, Fig. 1E ), and also formed aggregates (Fig. 1D, arrowhead, Fig. 1F ) similar to those observed in rat primary astrocytes.
When transfected in SW13Vim -cells, wild-type GFAP formed thick and thin filamentous structures that spread throughout the cytoplasm ( Fig. 2A,B) . Occasionally an additional 'diffuse' cytoplasmic labeling was observed (Fig.  2B) . By contrast, mutant GFAP was not organized into filament networks or bundles but was found in an 'irregular' pattern of small clumps scattered throughout the cytoplasm, superimposed upon a 'diffuse' cytoplasmic staining pattern (data not shown). To examine these structures further, we used confocal microscopy, taking 1 µm optical sections. Observed in this way, the small clumps resembled bent and twisted bundles that often appeared to fold back on themselves (Fig.  2C,D) . Other structures, near the edges of the cells, appeared solid (Fig. 2D ). These were visible at both 1 day and 3 days after transfection.
Mutant GFAPs incorporate into filament networks after transfection into astrocytes and Cos-7 cells but not SW13Vim -cells, suggesting that the mutant GFAPs can coassemble with wild-type GFAP or vimentin but cannot form intermediatefilament networks on their own. To test the ability of wild-type GFAP to rescue R239C GFAP to form an intermediate-filament network, wild-type and R239C GFAP were cotransfected into SW13Vim -cells. This resulted in some filamentous networks but also a range of other patterns, including 'diffuse' or 'irregular' distributions of GFAP (Fig. 3A-D) .
Statistical analyses of the various patterns observed for the transfection of either wild-type or R239C GFAP into SW13Vim -cells revealed several important trends. 1 day after transfection, wild-type GFAP formed filament networks (Fig. 4A) and, although some of the cells contained 'diffuse' patterns, these were always accompanied by a filament network. By contrast, the R239C GFAP never formed filamentous networks but cells were instead about evenly divided between those that showed only a 'diffuse' pattern (57.8%) and those with an irregular pattern as well as the 'diffuse' pattern (42.1%).
Co-transfection of wild-type GFAP with the R239C GFAP ('wt+m') had a dramatic influence upon these phenotypes; for example, the proportion of cells with an exclusively 'diffuse' pattern decreased to 14.4% from the 57.8% observed with mutant GFAP alone (P=0.00026, by Student's t test) at 1 day after transfection. Many transfected cells had GFAP networks: 2.0% formed filaments exclusively, whereas about 27% formed filaments in the presence of a 'diffuse' background.
The patterns observed 3 days after transfection (Fig. 4B ) were similar to those 1 day after transfection. Upon cotransfection with the wild-type and mutant GFAPs, the proportion of cells with a 'diffuse' pattern fell even further compared with the 1 day after transfection data (P=4.5ϫ10 -4 compared with mutant alone by Student's t test), and there was a corresponding increase in cells displaying filaments either exclusively or together with other patterns. A new combination also appeared, in which cells contained both filaments and an irregular pattern but without the 'diffuse' background.
Solubility properties of GFAP in SW13Vim
-cells
We wanted to know whether the mutant GFAP in 'diffuse' and irregular patterns in SW13Vim -cells had different solubility
Journal of Cell Science 118 (9) properties from those of wild-type GFAP. The high transfection efficiency of SW13Vim -cells enabled detection of the GFAP by western blotting. GFAP monomers and short polymers were separated from larger structures by extraction with buffer containing 0.5% Triton X-100 followed by centrifugation at 16,000 g for 10 minutes at 4°C (Goldman and Abramson, 1990) . Extractions were done 1 day after transfection and the lysates analysed by SDS-PAGE (Fig. 5) . After the transfection of either wild-type or mutant GFAP alone, the protein was found in both the Triton-soluble and the Triton-insoluble fractions (Fig. 5A) . We then tested the solubility of the GFAPs in the presence of high salt, which has been used to measure the stability of intermediate-filament-associated protein interactions (Foisner et al., 1995; Gall et al., 1989; Ouyang and Sugrue, 1992) . When 0.5 M KCl was added to the 0.5% Triton X-100 extraction buffer, much of the wild-type GFAP no longer sedimented but instead appeared in the supernatant under the conditions of our assay (Fig. 5C, lanes 3,4) . By contrast, the mutant GFAP remained unchanged in its distribution between the two fractions (Fig. 5C, lanes 6,7) . When 1.0 M KCl was added to the 0.5% Triton X-100 buffer, the wild-type GFAP remained largely in the supernatant solution (Fig. 5E, lanes 3, 4) but the mutant GFAP still remained little changed in its distribution (Fig. 5E, lanes 6,7) .
Although most GFAP was found in one primary band, smaller proteins were also identified by our anti-GFAP antibody, and these are consistent with GFAP breakdown products (Dahl and Bignami, 1975) . There were no highermolecular-weight bands that would suggest multimerization stable to SDS (not shown). on three or four coverslips were counted and assigned to a category based on their appearance with standard fluorescence microscopy, using a 100ϫ oil objective. The mean proportions of cells with each pattern type are shown, along with error bars representing one standard deviation. R239C, mutant; wt, wild type; wt + m, cotransfection of wild-type and mutant GFAP plasmids. The difference between the proportion of cells with an exclusively 'diffuse' pattern 1 day after transfection of mutant GFAP alone (57.8%) versus after co-transfection of wild-type and mutant GFAP (14.4%) is significant with a P value of 2.6ϫ10 -4 by Student's t test. After 3 days, the difference remains significant with a P value of 4.5ϫ10 -4 by Student's t test.
Fig. 5. Solubility properties of wild-type and mutant GFAPs produced in SW13Vim
-cells and extracted with Triton X-100 buffer with increasing salt concentrations. Transfected SW13Vim -cells were extracted with a 0.5% Triton X-100 buffer without KCl (A,B) or with buffer also containing either 0.5 M KCl (C,D) or 1.0 M KCl (E,F). Nitrocellulose transfers were probed with an anti-GFAP antibody (Chemicon) (A,C,E) and then stripped and reprobed with an anti-actin antibody (B,D,F). Lanes: S, supernatant fraction; P, pellet fraction after centrifugation at 16,000 g; untxft, untransfected cells; wt, wild-type GFAP; mut, mutant GFAP; c, Triton-X-100-insoluble fraction from primary rat astrocytes, as positive control. Mr, molecular weight markers (60 kDa and 40 kDa).
When cells were transfected with both wild-type and mutant GFAP together and then extracted 1 day after transfection with 0.5 M KCl added to the 0.5% Triton X-100 buffer, the GFAP partitioned between fractions identically to the mutant form (data not shown). Thus, the mutant GFAP has a dominant effect over the wild type with respect to solubility.
The blots were stripped and reprobed with an anti-actin antibody as a further control for the numbers of cells extracted and the amount of total protein loaded on each gel. The amount of actin was similar in each of the soluble fractions and each of the pellet fractions (Fig. 5B,D,F) .
In vitro assembly and electron microscopy To investigate further the assembly properties of mutant GFAP, we used in vitro conditions to induce filament formation and visualized the resulting polymers by electron microscopy after negatively staining the samples. Both the wild-type GFAP (Fig.  6A ) and the R239C GFAP (Fig. 6B ) formed 10 nm filaments that were very similar at this gross morphological level. The ability of the R239C GFAP to form filaments in vitro suggests that the differences observed between wild-type and R239C GFAP by transfection is probably not caused by compromised assembly. Rather, the formation of the irregular patterns in vivo and the resistance to high salt extraction might be due to an association of the R239C GFAP with other intracellular proteins that are found on intermediate filaments (Quinlan, 2002) or abnormal interfilament interactions.
Sedimentation assay
To compare the relative efficiencies of polymerization of the wild-type and R239C GFAPs, the in-vitro-assembled GFAP samples were separated into pellet and supernatant fractions by centrifugation and assayed by SDS-PAGE. There was a higher proportion of R239C GFAP in the pellet fraction (Fig. 7, lanes  3,4) than of the wild type (Fig. 7, lanes 1,2) . When the mutant and wild type were mixed in a 1:1 ratio, the pellet fraction again had higher levels than wild-type GFAP alone (Fig. 7,  lanes 5,6) . These data show that the mutant GFAP sediments more efficiently than wild-type GFAP and that this effect is dominant over the wild type. These results could be explained by the R239C GFAP having increased filament stability and/or increased interfilament interactions.
Discussion
We have used transient transfection of several different cell types to compare the properties of wild-type human GFAP to the protein containing the R239C Alexander-disease mutation. Cell types used were primary rat astrocytes, which contain both GFAP and vimentin; Cos-7 cells, which contain vimentin; and SW13Vim -cells, which contain no endogenous cytoplasmic intermediate filaments. Both wild-type and mutant GFAP incorporated into intermediate-filament structures in primary astrocytes and Cos-7 cells, both of which contain endogenous coassembly partners such as GFAP and/or vimentin (Quinlan and Franke, 1983) . The wild-type GFAP was also able to form filament bundles in the SW13Vim -cells but the R239C GFAP only formed irregular, twisted and curly profiles, or gave only a 'diffuse' pattern of staining. However, like the wild-type protein, the large majority of the mutant GFAP resided in a low-speed Triton-X-100-insoluble fraction, indicating that it is apparently able to polymerize or form aggregates. Indeed, our in vitro assembly and electron microscopy demonstrated that the mutant protein formed 10 nm filaments that were morphologically similar to wild-type filaments.
The mutation does not, therefore, disrupt those interactions that allow a filament to form or allow subunits to associate together. This is consistent with previous studies on rod point mutations in lamin A and keratin K14, which did not disrupt tetramerization (Heald and McKeon, 1990; Letai et al., 1992) . This suggests that, if the overall heptad repeats are preserved, tetramers and probably higher-order filamentous polymers can be formed (Meng et al., 1994) . In fact, the GFAP mutation appears to have conferred increased stability on the assembled protein, as judged by its lowered solubility at high salt concentrations.
Journal of Cell Science 118 (9) Fig. 6 . Electron microscopy of in-vitro-assembled wild-type and mutant GFAP. Recombinant wild-type (A) and mutant (B) GFAP were assembled in vitro as described. Notice that both samples contain intermediate sized filaments (~10 nm) that are morphologically similar. Scale bars, 100 nm. Fig. 7 . Sedimentation assays. Recombinant human wild-type GFAP (WT) and mutant GFAP (R239C) were purified and assembled individually or as a 1:1 (WT+R239C) mixture at 0.5 mg ml -1 . After assembly, the samples were centrifuged and the supernatant (S) and pellet (P) fractions analysed by SDS-PAGE.
The irregular pattern seen in SW13Vim -cells transfected by mutant GFAP suggests that the mutation affects the organization of de novo GFAP networks and the ability to assemble robustly in the absence of wild-type GFAP and vimentin. R239C GFAP is, however, capable of assembly in vitro, forming 10 nm filaments morphologically similar to those formed by wild-type GFAP. By in vitro sedimentation assay, however, the R239C GFAP filaments sedimented more efficiently than the wild-type filaments, suggesting that there are probably changes in filament properties. In the context of the cell, a difference was found between the extractabilities of R239C and wild-type GFAP. The irregular structures and resistance to salt extraction could arise from aberrant filamentfilament interactions. These changes in the properties of the mutant protein could result from a direct effect of the mutation on the overall filament architecture or on its interactions with other cellular constituents. Also possible is an indirect effect through an alteration in post-translational modification, although this would not explain the changes in cell-free polymerization, which used proteins generated in bacteria.
Patients affected by Alexander disease are heterozygous for GFAP mutations (Li et al., 2002) , and so the mutations act in a genetically dominant manner. Although we do not yet know the actual ratio of wild-type to mutant protein in the Alexanderdisease brain, the data presented here are consistent with a dominant effect of the R239C mutation. Both co-transfection studies and the in vitro coassembly demonstrated the dominant nature of the R239 mutation over the wild type. The mutation also appeared to be dominant with respect to filament solubility at high salt concentrations, because the GFAP in the cotransfectants displayed a solubility pattern like that of the mutant GFAP alone. Finally, in the sedimentation assay, the mutant appeared to have a dominant effect on the assembly of wild-type GFAP.
It is clear that high expression of wild-type GFAP leads to inclusion formation in astrocytes. Transgenic mice overexpressing the human GFAP, driven by its own promoter, form Rosenthal fibers (Eng et al., 1998; Messing et al., 1998) . The transfection of wild-type GFAP into astrocytes leads to the formation of intermediate-filament aggregates (Koyama and Goldman, 1999) , although these inclusions do not fully resemble Rosenthal fibers. Furthermore, Rosenthal fibers are found in the brains of patients in areas of long-standing gliosis or within highly fibrillary gliomas, such as juvenile pilocytic astrocytomas. Presumably, few if any of these patients have mutations in GFAP, because none of them has Alexander disease. In Alexander disease itself, we do not know whether there is increased or decreased transcription of either the mutant or wild-type GFAP, as is sometimes caused by some lamin A (LMNA) mutations (Mounkes et al., 2003) . However, steady state levels of wild type and mutant transcripts appear to be the same in brain tissues from one R239C patient (R. Tian, unpublished) .
Relationship between mutations found in GFAP and those in other intermediate filaments The evidence that the R239C mutation in GFAP changes the organization and solubility of the protein and filament network is underscored by the observation that the corresponding residues in vimentin, desmin and lamin A/C are also arginine, and so might play a crucial role in the assembly of filaments. Indeed, the L12 and 2A rod-domain regions flanking this residue are well conserved between GFAP, vimentin, desmin and peripherin (Quinlan et al., 1995) . In vimentin, they are involved in intra-and intermolecular cross-links (Steinert et al., 1993; Steinert et al., 1999) . They also play a role in determining subfilament architecture (Parry et al., 2001) . Given that the R239C mutation in GFAP studied here is nonconservative, some distortion of the protein in the vicinity of the mutation is likely. Once structural information becomes available (Strelkov et al., 2002; Strelkov et al., 2003; Herrmann et al., 2003) and includes the L12 and 2A rod regions, the important intra-and interhelical salt bridges present in this region will help to identify more precisely the role of R239 in GFAP and the other intermediate-filament proteins.
A mutation exactly homologous to R239C has been found in the Type-V intermediate filament lamin A/C (Raffaele Di Barletta et al., 2000) . Patients with this R249Q mutation have autosomal dominant Emery-Dreifuss muscular dystrophy, which presents with cardiac arrhythmias and muscle contractures (Raffaele Di Barletta et al., 2000) . It has been hypothesized that mutations in lamin A/C affect the structure of the nuclear lamina and lead to changes in the distribution of emerin, a protein found in the inner nuclear membrane (Toniolo and Minetti, 1999; Hutchison, 2002) . Structures homologous to Rosenthal fibers have been observed in myopathies caused by dominant mutations in desmin, an intermediate filament closely related to GFAP (Dalakas et al., 2000) . These mutations result in intracellular inclusions in muscle composed of desmin, αB-crystallin and ubiquitin (Goebel and Warlo, 2000) . At least one of the mutations, found in the 2B subdomain of the rod section, has been found to disturb the organization of desmin in both SW13Vim -cells and a myoblast cell line in patterns similar to those observed in this study (Goudeau et al., 2001) .
Two striking differences between diseases caused by mutations in other intermediate-filament proteins such as the keratins (Irving and McLean, 1999) and the Alexander-disease mutations in GFAP are that a normal filament network fails to form in the other diseases, and that those disorders can be mimicked by null mutations in mice. In Alexander disease, however, the intermediate filaments surrounding Rosenthal fibers look normal and GFAP-null mice display neither the pathology nor the clinical signs of Alexander disease.
A deleterious effect of elevated GFAP levels per se has been indicated by studies in which mice expressing high levels of a wild-type human GFAP transgene died at 14-20 days of age and displayed large numbers of Rosenthal fibers in their astrocytes (Eng et al., 1998; Messing et al., 1998) . By contrast, GFAP-knockout mice are relatively healthy, developing minor deficiencies only late in life (Gomi et al., 1995; Liedtke et al., 1996; Pekny et al., 1995; Shibuki et al., 1996) . Thus, an increase in GFAP accumulation results in a pathological condition. Our finding that the R239C mutation increases GFAP structural stability is consistent with such an etiology for Alexander disease.
Additional research on the relationships between the locations of the other mutations found in Alexander-disease patients, the ability to form bundled filaments, the stability of mutant polymers and the age of onset and disease severity will elucidate the spectrum of effects of the mutations.
